We present measurements of the charge and isotopic composition of cosmic-ray Ca through Fe nuclei made on the Voyager spacecraft. We have analyzed 18 years of data in the energy range 100È300 MeV nucleon~1 collected by the High Energy Telescope of the cosmic-ray subsystem experiment on the Voyager 1 and 2 spacecraft. The average solar modulation level for this measurement is 480 MV. These data have several times the statistical accuracy and have mass resolution comparable to the best previously published measurements covering this charge range from the ISEE cosmic-ray experiment. Many of the isotopes of these charges are dominated by secondary production from cosmic rays traversing the interstellar medium, and for these isotopes our measured isotopic fractions are generally consistent to within 10%, with the exception of certain K-capture isotopes, with those calculated for secondary production using the latest propagation codes and cross sections. For Ðve isotopes, 40Ca, 52Cr, 55Mn, 54Fe, and 58Fe, we can determine the cosmic-ray source composition to an improved accuracy over previous values. None of these isotopes show any signiÐcant di †erences with respect to the solar composition. This result, taken with other recent Voyager measurements of the isotopic composition of charge Z \ 6È16 nuclei as well as Co and Ni nuclei, now provide the source composition of D20 individual cosmic-ray isotopes with Z between 6 and 28 measured by the same instrument under the same conditions. This source composition is remarkably solar-like with only 13C, 14N, and 22Ne isotopes showing signiÐcant abundance di †erences. This degree of similarity is not well explained by present speciÐc models for the cosmic-ray origin and is discussed further in this paper.
INTRODUCTION
Recent studies of the mass composition of Z \ 6È16 cosmic-ray nuclei using the Voyager (Webber et al. 1996a, as well as the Ulysses (Connell & Simpson 1996b) 1993a, spacecraft have clearly identiÐed only a few cases 1993b) where the mass composition at the cosmic-ray source is di †erent than the solar abundance. These are the isotopes 14N and 22Ne that were shown much earlier, in fact, to have nonsolar abundances (see, e.g., & Wiedenbeck Krombel & Greiner The low 13C/12C ratio 1988 ; Wiedenbeck 1981) . in the cosmic-ray source found by Voyager could be evidence for an enrichment of 12C in these sources rather than a depletion of 13C. Several isotopes originally thought to have an enhanced abundance in the cosmic-ray source such as 25Mg, 26Mg and 29Si, 30Si have been shown to have an essentially solar abundance to within 15% or less (Webber et al.
These limits place severe restrictions on 1996a). models that have been proposed to explain the compositional di †erences between the cosmic-ray source abundances and solar abundances. This makes it especially important, in terms of understanding the origin of cosmic rays and the related nucleosynthesis, to study the mass composition of cosmic-ray elements near the Fe peak where other types of nucleosynthetic processes play a role. The Fe isotopes 54Fe and 58Fe are particularly sensitive (1) to conditions at the source and (2) to any di †erences in the standard picture for the origin of the solar system Fe abundances through the production of unstable Ni isotopes in neutron-rich supernova environments. In addition, there are the isotopes 40Ca, 52Cr, and 55Mn that owe their abundances to both alpha-particle burning and characteristics of the Fe-peak nucleosynthesis.
Various radioactive isotopes in this iron-group region also provide information about the timescales and densities related to the cosmic-ray propagation in the Galaxy. These include 54Mn, whose half-life is uncertain but is believed to be D106 yr. Also of interest are the so-called electron capture isotopes, 55Fe, 51Cr, and 49V particularly, whose decay by electron capture depends on their energy and the density of the medium being traversed and so provides information on the time of acceleration and the amount of reacceleration of the cosmic rays. Previous measurements of the overall mass composition of Fe-group nuclei have mainly focused on the measurements made by the cosmicray detector on the ISEE 3 spacecraft but also (Leske 1993) include new measurements of Mn and Fe nuclei made by the high-resolution instrument on Ulysses & (Connell Simpson 1996) .
In this paper we report on the mass composition of elements from Ca to Fe using the cosmic-ray telescopes on the Voyager spacecraft. A preliminary report of this data has been given by et al. The Voyager telescopes Lukasiak (1995) . have mass resolution comparable to the previously reported ISEE 3 data but have 2È4 times the statistics (Leske 1993) because of the long timescale of the Voyager mission. For many of the isotopes in question, the interpretation of the data in terms of the cosmic-ray source composition is still statistically limited, however.
OBSERVATIONS AND DATA ANALYSIS
The data from the High Energy Telescope (HET) of the cosmic-ray experiment on both the Voyager 1 and 2 spacecraft from 1977 to 1996 have been used in this analysis. This telescope has been extensively described previously ( Fig. 1 (1994a) . tal data is the removal of background events, which is accomplished by using two independent dE/dx versus E analyses to reject events that are not consistent. Using an energy-loss program, we calculated the theoretical tracks in dE/dx versus E space for each charge. These tracks are Ðtted to the data for the elements Z \ 20È28 in this analysis. For every event we have determined a charge value from the position of the event with respect to the closest charge track, as described by et al. In we show Ferrando (1991) . Figure 2 a scatter plot of charge consistency versus charge for the selected events with Z \ 20È28. The overall charge resolution for these elements is D0.09 charge units.
In the next stage of data analysis, we determined for each event two mass values and corresponding to the A 1 A 2 analysis of versus &C and versus &C pulse-height B 1 B 2 data, where
In this case, for (Fig. 1 ). every element we generated theoretical mass lines corresponding to the di †erent isotopes. A mass value was then determined for every event from the position of the event with respect to the closest mass track. These simulation tracks were then further adjusted slightly to Ðt the distribution of events corresponding to di †erent isotopes and to optimize the mass resolution for the key isotopes of each charge such as 40Ca, 45Sc, and 56Fe. The HET telescope has three dead layers between the C counters, and events from the dead layers have mass values that are not as well resolved. To improve the mass resolution, we removed all events that stopped in the dead layers. This decreased the number of events by D20%.
shows the mass histograms for the elements Ca Figure 3 through Fe in the combined Voyager 1 and 2 spacecraft measurements from 1977 to 1996. The solid lines in Figure 3 correspond to a Ðt of a multi-Gaussian function to the isotope distribution for each charge. These mass functions are spaced at exactly 1.0 AMU intervals and have resolutions ranging from 0.40 AMU for 40Ca to 0.60 AMU for 56Fe. Using data from our previous analysis of Z \ 6È16 nuclei (Webber et al.
we show 1996a, 1996b), and the mass resolution as a function of (Table 1 Fig . 4 ) charge for the Voyager HET telescopes. The slow degradation of mass resolution with Z is mainly because of the path length variations of the trajectories through the telescope that remain constant with Z, whereas the mass separation itself is DA~1.
The event breakdown and charge ratios for the di †erent charges are given in
The charge ratios were cor- Table 2 . rected for the slightly di †erent energy intervals for each charge, which resulted in di †erences in the widths of the energy intervals and also di †erences because of the spectra of the particles, assumed here to have a spectral index of 0.50 in this energy range. These e †ects introduced changes less than 6% in any of the charge ratios.
The errors on the measured charge ratios are dominated in some cases by the statistical errors on the number of events, e.g., 40Ca, 53Mn, 55 Mn, and 56Fe, but in most cases by the included Ðtting errors.
The results of this 18 year study correspond to an average level of solar modulation / \ 480 MV with a range D220È 1000 MV at the Voyager spacecraft. These modulation levels were estimated on a yearly basis using the He spectrum measured at V2 for that year and the modulation model described by et al. The resulting Ferrando (1991) . values of / for each year are shown in Figure 4 of et Webber al.
The overall average modulation for this mea-(1996a). surement is about equivalent to the modulation observed near Earth at sunspot minimum.
INTERPRETATION OF RESULTS
The interpretation of these experimental results requires a model for the propagation of cosmic rays in the Galaxy. As a point of reference for earlier calculations, we performed these calculations using a standard leaky box model with a simple exponential distribution of path lengths through the interstellar material. The most essential components of this model are (1) the source composition, (2) the source spectral shape, (3) the composition of the interstellar medium (ISM), (4) the fragmentation cross sections, (5) the interstellar path lengths as a function of energy, and (6) the e †ects of solar modulation.
For the source composition, we took the solar system abundances (all solar source abundances are from & Anders Ebihara
The source spectral shape was taken to be a 1982). power law in rigidity with an index of [2.36. We assumed that the ISM is 90% H and 10% He by number with an ionized fraction of 30% Ferrando, & Webber (Soutoul,  This ionized fraction increases the energy loss by 1990). ionization signiÐcantly over that for a neutral medium. For the interstellar fragmentation we used the measured and parametric cross sections in hydrogen given by Webber, Kish, & Schrier and the helium cross (1990a , 1990b , 1990c sections from et al. These helium cross Ferrando (1988) . sections result in less production from helium than earlier estimates, thus necessitating overall a slightly larger interstellar path length for the same total secondary production as compared with the values of et al. Garcia-Munoz (1987) , for example.
For the interstellar path length we took j esc \ 40.6 bR~0.70 for rigidities R [ 3.3 GV and 17.6b g cm~2 for R \ 3.3 GV, which provide a best Ðt to the (Z \ 21È23)/Fe ratio measured at both low and high energies For (Fig. 5) . solar modulation e †ects we have considered values of / ranging from 400 to 600 MV in order to determine the (Leske 1993) with approximately the same mass resolution. The assignment of measurement errors for our new results has already been discussed. For the errors on the secondary contribution, which includes both Galactic propagation and solar modulation uncertainties, we have assumed that the overall error caused by cross section uncertainties is^5% for the measured cross sections and^15% for those obtained from the formula as per our earlier calculation (Lukasiak et al. For the uncertainty in the interstellar path 1994a, 1994b). length, we took the value of 17.6b^10%, below 3.3 GV. And, Ðnally, for the modulation, we took an uncertainty of 50 MV. The total error for the secondary calculation was ] Z \ 21È23 nuclei, which actually leads to a signiÐcantly smaller uncertainty than that estimated above).
We will now discuss the mass distribution obtained as a function of charge.
Calcium.ÈCalcium is dominated by the isotope 40Ca, which constitutes 0.38^0.02 of all Ca. This fraction, taken with the total measured Ca/Fe charge ratio of 0.210^0.009 and the measured 56Fe fraction of 0.841 of Fe, leads to a 40Ca/56Fe ratio of 0.084^0.007 at the source as compared with a solar abundance ratio of 0.072. Thus the 40Ca/56Fe ratio we deduce at the source is 1.16^0.10 times the solar Figure 6 . The heavier isotopes 42Ca, 43Ca, and 44Ca are observed to have nearly equal abundances and are in agreement with the calculations for purely secondary production as shown in Tables and and in 3 4 Figure 6 . Scandium.ÈThe single isotope 45Sc gives a ratio Sc/Fe of 0.046^0.004, which is almost identical with the predicted purely secondary ratio of 0.043. This single isotope exhibits a mass resolution p of D0.42 AMUÈalmost the same as the value of 0.40 AMU observed for 40Ca.
T itanium.ÈThis charge shows a complex distribution of isotopes, all dominated by secondary production in the interstellar medium. There is good agreement between the observed and predicted isotope fractions with the possible exception of 49Ti (see Tables and and  which is a  3 4 Fig. 7 ), decay product of the electron capture isotope 49V. All three K-electron capture isotopes 49V, 51Cr, and 55Fe will be discussed in a separate paper et al. (Soutoul 1997) . Vanadium.ÈThis charge has three isotopes, all completely dominated by secondary production. Here 49V shows a lower mass fraction than predicted from purely secondary production, and 51V shows a considerably larger mass fraction than predicted (Tables and and  3 4 Fig. 7 ). 49V is an electron capture isotope, and 51V is the decay product of the electron capture isotope 51Cr.
Z \ 21È23 nuclei.ÈBecause they contain no signiÐcant source fraction, these charges provide an excellent tracer of the total amount of secondary interstellar production from nuclear interactions in hydrogen and helium and also of solar modulation e †ects, as well as uncertainties in these two e †ects in the same way that boron does for lower Z nuclei and 21Ne (Table 2 Fig . 5 ). agreement between these measured and calculated tracer charges indicates that any systematic uncertainties in either the propagation calculation including cross sections or modulation e †ects, for the Ca through Fe isotopes considered here, must be known to be^4% or less, which is the uncertainty in the di †erence between the measured and calculated (Z \ 21È23)/Fe ratios. This uncertainty is less than the total sum of the formal uncertainties discussed above, which is typically D10% of the total secondary production.
Chromium.ÈThis charge also shows a complex distribution of isotopes, but it is clearly dominated by 52Cr. Only 52Cr is expected to have a signiÐcant source abundance. The measured Cr isotopes show some di †erences with the predicted ones (see Tables and and  The mea-3 4 Fig. 7 ). sured 51Cr abundance is D2 p low, and 54Cr is somewhat high. Again, both of these isotopes are K-capture isotopes. For 52Cr the source abundance relative to 56Fe that we deduce is 0.020^0.009 or 1.51^0.68 times the solar fraction of 0.0136 (Tables and and  3 4 Fig. 7 ). Manganese.ÈManganese is dominated by the isotopes 53 Mn and 55Mn, with only a weak presence of the radioactive decay isotope 54Mn. The observed 53Mn and 55Mn fractions are consistent with the secondary calculations assuming a solar abundance of 55Mn at the cosmic-ray source (see Tables and and The deduced 55Mn/ 3 4 Fig. 8 ). 56Fe ratio at the source is 0.016^0.006 or 1.35^0.48 times the solar ratio of 0.0121 (assuming no decay by K-electron capture of 55Fe into 55Mn).
The measured 54Mn abundance fraction is 0.34^0.15 of that expected if no decay has occurred. This surviving fraction would imply a 54Mn half-life of (1.0^0.6) ] 106 yr, assuming the same interstellar density (o \ 0.3 atoms cm~3) as that used for the lower Z radioactive nuclei 10Be and 26Al with comparable half-lives. The amount of decaying 54Mn amounts to (0.0235^0.0053) ] 56Fe, a signiÐcant fraction of which will enhance the 54Fe abundance, thus providing a check on the fraction of 54Mn that has decayed. (The above calculation assumes no K-capture decay of 54Mn to 54Cr ; if this decay has occured, the deduced lifetime of 54Mn for b decay will be longer, and the source abundance of 54Fe will change by \10%. This will be discussed in a forthcoming paper, et al. Soutoul 1997) . Iron.ÈIron is completely dominated by 56Fe in our dataÈthis isotope constitutes 0.84^0.02 of all iron. Our mass resolution of 0.60 AMU does not allow signiÐcant values to be obtained for the isotope fractions of the interesting isotopes 55Fe and 57Fe, which are separated from 56Fe by^1 AMU. Both of these isotopes would be expected to be present at the few percent level if they had solar abundances. However, for the isotopes 54Fe and 58Fe, separated by^2 AMU, the mass resolution of 0.60 AMU is equivalent to 0.30 AMU for isotopes separated by^1 AMU. We have seen that for D0.30 AMU mass resolution, the isotopes of Ne and Mg can be well resolved et (Webber  al. so one would expect to obtain useful limits on the 1996a) 54Fe and 58Fe mass fractions from this measurement. For the analysis of Fe isotopes, we have assumed a tail on the low-mass side of the Fe isotope distributions. This tail contains 2.0%^0.6% of all 56Fe events and is based on the tail observed for 28Si (and used in the correction of 26AlÈ27Al distribution by et al.
We believe this tail, Lukasiak 1994b). which is present in all distributions regardless of resolution, is a geometrical e †ect and therefore is independent of Z. This tail reduced the 54Fe/56Fe ratio by D20%.
For 54Fe, the measured 54Fe/56Fe ratio of 0.090^0.009 (using the tail correction and based on 260 events) compares with a calculated ratio of 0.094. This calculated ratio includes a solar source component of 0.063 ] 56Fe, the decay of 54Mn \ 0.023 ] 56Fe, and direct secondary production (see The deduced source ratio for 54Fe/56Fe Fig. 8) . after subtracting the 54Mn decay and secondary production from the measured ratio is thus 0.0585^0.0086 or 0.93^0.14 times the solar ratio of 0.063, which is consistent with the solar abundance.
For the 58Fe/56Fe ratio, our measured value of 0.008^0.005 is dominated by Ðtting uncertainties. The predicted ratio assuming a solar source ratio is 0.0044, so our value is somewhat higher than but consistent with the solar ratio.
SUMMARY AND CONCLUSIONS
We have measured the isotopic composition of cosmicray Ca through Fe nuclei with improved statistical accuracy using the HET telescopes on the Voyager spacecraft. This is achieved as a result of the 18 year data base from the mission. The mass resolution, p, ranges from 0.40 to 0.60 AMUÈabout the same as that obtained from the cosmicray detector on the ISEE spacecraft, the best previous measurement involving all of these charges. Most of the isotopes of these charges are dominated by interstellar secondary production from cosmic rays traversing the interstellar medium. For these isotopes, our measured isotopic ratios with respect to 56Fe are generally consistent to within 10% with those expected from purely secondary production (except for the K-electron capture isotopes).
We observe a 54Mn/56Fe ratio D0.34 of that expected from interstellar propagation if no decay has occurred. This survival fraction translates into a 54Mn decay lifetime of (1.0^0.6) ] 106 yr assuming this isotope has the same propagation history as the lower Z radioactive nuclei 10B and 26Al and not allowing for any additional 54Mn decay to 54Cr by K-electron capture.
For Ðve isotopes, 40Ca, 52Cr, 55Mn, 54Fe, and 58Fe, we can determine the source composition to an improved accuracy over previous measurements (see, however, the Ulysses measurements of 54Fe and 58Fe by & Simpson Connell None of these isotopic ratios with respect to 56Fe 1996). measured by Voyager show any signiÐcant di †erences with solar composition to accuracies ranging from D20% to a factor of D2 for 58Fe. This observationÈwhen coupled with the fact that in the Z \ 6È16 charge range, only 14N and 22Ne (and possibly 13C) out of 10 isotopes whose source composition can be reasonably determined using the Voyager data show any signiÐcant di †erences from solar (Webber et al.
and also that new Voyager 1996a, 1996b) results on Co and Ni isotopes et al.
show a (Lukasiak 1996 ) normal solar composition as well for all Ðve of these isotopes that can be measured, in agreement with the latest results on Fe through Ni nuclei from the high-resolution instrument on Ulysses & Simpson (Connell 1997) Èsuggests that the cosmic-ray source isotopic composition is remarkably solar-like, with few very distinctive di †erences.
The complete list of cosmic-ray sourceÈsolar isotope ratios measured by Voyager and other recent experiments is given in This should be compared with the Table 5.  summary given by in which, in addition to Mewaldt (1989) , the isotopic di †erences observed in the Voyager data, the cosmic-ray source isotopic ratios of 18O/16O, 25Mg/24Mg, 26Mg/24Mg, 60Ni/58Ni, and possibly 29Si/28Si and 30Si/ 28Si were all believed to be higher than the solar ratios. This suggested at that time a possible systematic di †erence between the cosmic-ray source and solar composition that could be related to a di †erent nucleosynthesis history of the two samples. Two suggestions to explain the di †erence have been extensively discussed. One is the Wolf-Rayet model & Paul in which a fraction of the Galactic (Casse 1982) cosmic rays come from the vicinity of Wolf-Rayet stars and are enriched in 22Ne and 25Mg and 26Mg, which are the results of helium burning in these stars.
The other model proposes that the observed excess of neutron-rich isotopes might result if cosmic rays originate in regions of the Galaxy that are metal rich compared to the solar system & Weaver Both of these (Woosley 1981) . models predict an excess of neutron-rich isotopes much greater than what is now observed, as depicted by Figure 13 of review. MewaldtÏs (1989) An update of the situation in 1993È1994 may be found in the review by At this time the Ðrst data Ferrando (1993) . from Voyager (Lukasiak et al. and Ulysses 1994a , 1994b ) (Connell & Simpson were appearing, new 1993a ,1993b cross section data were available (Webber et al. and 1990) , the earlier excess of the neutron-rich Mg and Si isotopes was now much less pronounced. Now with the new Voyager data (as summarized in Table  as well as new Ulysses data & Simpson 5) (Connell 1997) , there are only a few very distinctive abundance di †erences as discussed earlier. These di †erences still seem to point to a Wolf-Rayet contribution to the cosmic-ray sources as a result of the combination of an overabundance of 22Ne (and possibly 12C) and the corresponding underabundance of 14N (and 13C), which seems to be distinctive of the heliumburning process known to occur in these stars. Just how much of this material is actually expelled into the local interstellar medium by the high-velocity winds from these stars (see, e.g., et al. remains uncertain, Prantzos 1986) however, and may be best determined by the observed cosmic-ray composition itself.
